INTRODUCTION
Microfabrication technology has made it possible to make a variety of micro-and nanofluidic devices for biochemical analysis. An area of increased development and exciting opportunities is the use of solid-state nanopores. The silicon-based pores are fabricated in suspended thin membranes at true nanometer dimensions. Such nanopores are fabricated in many ways including TEM beam-mediated drilling of a membrane, 1,2 adatom movement under a tightly focused electron beam, ion beam sculpting, 3 and thermal shrinking. 4 Nanopores provide high throughput for rapid manipulation, biophysical studies, and sequence identification of single DNA molecules. The basic idea of the translocation experiment relies on the movement of negatively charged DNA in an electrophoretic field. Under an applied electric field, the DNA molecule is driven through a nanopore in a linear head-to-tail fashion. This movement, called "translocation", is detected as an ionic current dip, also called a "pulse", when the DNA molecule mechanically blocks a finite volume of the nanopore, thus reducing the amount of flowing ionic species through the nanopore. 5, 6 Statistical analysis of these pulses shows trends that are direct manifestation of various physical properties of the translocating DNA molecule such as their mechanical properties, 7 mobility of DNA molecule in relation to its size, 8 and effects of factors such as salt concentration or fluid viscosity on DNA molecule translocation. 1, 2 Theoretical studies using molecular dynamics (MD) have helped in understanding the translocation kinetics and dynamics of singleand double-stranded DNA (ss-DNA and ds-DNA) through ABSTRACT: Solid-state nanopores provide a direct means to detect and analyze DNA and proteins. In a typical setup, the DNA molecules travel through a nanopore under electrophoretic voltage bias. The nanopore is sandwiched between two chambers that are filled with ionic solution. A major challenge in using solid-state nanopores for DNA sequencing and gene detection is to improve their selectivity and detection sensitivity. To achieve these goals, one solution is to functionalize the nanopores by chemically modifying the pore walls with silanes or nucleic acids. However, little is known about molecular interactions in functionalized nanopores. This paper presents DNA translocation dynamics and the mechanism of DNA sequencing in a functionalized nanopore through a coarse-grained molecular dynamics model. The DNA nucleotide is coarse-grained into two interaction sites: one site corresponds to the base group and the other encompasses the phosphate and sugar groups. The water molecules are included in the model implicitly through Langevin dynamics. The coarse-grained model immensely improves the computational efficiency while still capturing the essential translocation dynamics. The model characterizes important physical properties of functionalized nanopores such as the effective pore diameter and effect of biasing voltage on the DNA translocation dynamics. The model reveals a nonlinear relationship between translocation speed of DNA and applied voltage. Moreover, DNA translocation in nanopores functionalized with hairpin-loop (HPL) DNA and single-stranded DNA (ss-DNA) shows significant differences: a target DNA is found to translocate through a ss-DNA coated nanopore 9 times faster than through an HPL coated one at a bias of 100 mV, putatively from lower stiffness of ss-DNA than that for HPL. The DNA translocation speed is also largely influenced by interaction potential between the DNA and surface-tethered molecules. The results reveal that such selective translocation, distinctly different translocation dynamics of target DNA molecules largely stem from the flexibility and orientation of the surface-tethered molecules. These findings can significantly impact the rational design of DNA transport experiments leading to rapid molecule-level diagnostics. nanopores, 9, 10 to correlate the ionic current modulations to the translocating DNA sequence 11 and also to describe the electromechanical properties of translocating DNA. 12 While it is easy to detect the passage of a DNA through the pore based on the modulation of the current, it is far more difficult to identify the individual bases/nucleotides. Such identification may be implemented using a strategy similar to the one present in natural systems. Cell membranes have ion channels that recognize and selectively regulate the molecule flux across the membrane. These ion channels show exquisite selectivity indicating the presence of recognition elements inside the channels. Analogously, the nanopores can be functionalized with known "recognition" molecules which have the ability to bind to target sequences. Such a scheme provides the recognition of a specific target molecule in an unknown sample based on DNA target binding with a functionalized molecule and can accordingly facilitate or hinder the transport of the target sequence. The corresponding modulation of ion current can be used to decode the DNA sequence. To achieve this, solid-state nanopores are chemically modified by silane coatings, 13À16 DNA, 17À19 or peptideÀnucleic acid, 20 to enable molecular selectivity to detect a single base, gene, or protein of choice. 21À24 Such functionalization not only changes surface properties such as charges and hydrophobicity, but also results in different molecular interactions, amounts of drag, and hybridization rates. For example, Kohli et al. have demonstrated a membrane with selective permeation which recognized and transported only those DNA strands that were perfect complementary to the transporter strand attached to the inner walls of the nanotubes. 19 Iqbal et al. illustrated single-molecule electrophoretic transport measurements of ss-DNA through hairpin loop functionalized nanopores. 18 Hairpin-loop DNA (HPL) was used for molecular recognition to detect short DNA targets with single-base selectivity.
As illustrated in Figure 1A , when a target DNA passes through a nanopore under an applied bias in a head-to-tail fashion, the interaction between the target DNA and probe DNA (covalently attached to the nanopore surface) blocks the ionic current and leads to different translocation kinetics (speed and amplitude). The ionic current signature is used to determine if the sequence of a target DNA matches with that of the probe DNA. Figure 1B conceptually illustrates typical ionic current signatures for complementary and mismatched DNA molecules translocating through a nanopore functionalized with a hairpin-loop molecule coating. 18 In the long run, various applications of solid-state nanopores for DNA sequencing, protein identification, or pathogen detection will require very precise control of nanopore size, balance of applied bias voltage with molecular interactions, and test conditions. The current understanding of the DNAÀnanopore interaction mechanism is still limited due to the small size of the nanopore/DNA and the dynamic translocation process inside the nanopore. Little is known about the orientation and behavior of DNA in the nanopore environment under varying biases, pore properties, and surface functional groups. Fundamental understanding of such a bionano system will ultimately lead to a new generation of integrated systems that combine the unique properties of the nanopores with biological recognition capabilities. A few attempts have been made to explore the DNAÀnanopore or DNAÀnanotube interaction through atomistic molecular dynamics, coarse-grained molecular dynamics (CGMD), 25,26 and mesoscale models. 27 Molecular dynamics (MD) modeling is capable of capturing essentially all phenomena in the DNAÀnanopore interactions. The approach of allatom MD simulations has undergone tremendous developments from a methodology which, six years ago, could only afford simulations of a few thousand atoms and a few nanoseconds 28 to one that now permits simulations of tens of millions of atoms and tens of microseconds. 11 However, despite this development, modeling the above-described process using the all-atom approach remains a formidable challenge. Given the length (nanometers to micrometers) of a DNA chain and the time scale (nanoseconds to seconds) involved in the general on-chip DNA diagnosis, fulfilling this work using only MD simulations is impractical.
In this paper, a coarse-grained (CG) simulation approach is presented that models the DNA translocation through a functionalized solid-state nanopore while retaining the essential dynamics at molecular scale. First, a CG model of DNA and a functionalized nanopore is described. This is followed by characterization of interactions between a translocating DNA and various chemically modified nanopores. Finally, translocation processes of a DNA with sequence perfectly matching the probe 26 adapted the two-site DNA model from Drukker et al. 33 In this work, we have introduced charge on the backbone (center of mass of sugar and phosphate) of the two-site model following a similar approach by Knotts et al., 31 where a three-site DNA model with negative charge on the phosphate was reported. Maffeo et al. 34 have described the use of negative charges and screening electrostatic potential for DNAÀDNA electrostatic interactions. The model we have adopted is relatively simple but accurate enough to be extended to capture the DNAÀnanopore and DNAÀDNA interaction dynamics at the atomic scale. This CG model for DNA is established by first grouping atoms into a few interaction sites, followed by the construction of equivalent intersite interaction potentials. For example, a thymine nucleotide, which comprises of 32 atoms, can be coarse-grained into two interaction sites: 29 the backbone site (Bk, representing the sugar and phosphate groups) and the base site (Tb), as shown in Figure 2A . There are four types of base sites corresponding to four bases of DNA (adenine (A), thymine (T), cytosine (C), and guanine (G)). The coarse-graining scheme is illustrated in Figure 2 .
To construct an equivalent intersite interaction potential, a preselected analytical function was parametrized by matching the thermodynamic properties from the full-atom MD simulations with those from experiments. 31 The total energy of the DNA molecules can be generally expressed as
Parameters of the model are listed in Table 4 in the Appendix. These three terms of eq 1 describe the bonded intersite interactions including bond stretching, bending, and torsion. The last four terms are pairwise potentials which describe the nonbonded interactions. The nonbonded interactions include E stack , which accounts for the base stacking phenomena, E bp , which depicts hydrogen bonding between complementary base pairs, E ex , which describes an excluded volume that spans energy interactions among A, T, C, and G bases, and E, which caters for electrostatic interactions. The E bp term is critical for modeling the hybridization of a ss-DNA with a complementary or hairpin loop ss-DNA. E bp was parametrized using thermal denaturation experimental data at a fixed salt concentration of ∼0.1 M. At room temperature (∼300 K), two ss-DNA strands hybridized into a stable ds-DNA; thus the fraction of separated DNA bases was close to zero. As shown in Figure 3 , the fraction of the melted DNA strands increased as the temperature increased, reaching a value of 1 when the temperature was close to 380 K. 32 These results are in agreement with the experimental data 33 marked as red circles in Figure 3 , given that the DNA sequence used is the same (d(CG)). E bp was described as a function of the donorÀacceptor distance r and the angle φ between the backbone, donor, and acceptor. A preassumed form was chosen for E bp as 33 DNA strands separated as a function of temperature. As the temperature gradually increases from 320 K, the DNA strands begin to separate and the fraction f increases and becomes almost 1 at 380 K, i.e., when the two strands are completely separated.
The Journal of Physical Chemistry B ARTICLE E bp1 describes the donorÀacceptor interactions, E bp2 describes the solvent effect, and the f(φ) term restricts the angle φ in hydrogen bond to a certain range. The DNAÀDNA electrostatic interactions were described by a screened electrostatic potential: 34
where the effective charge q eff was chosen to be 40% of the nominal charge density, 34 given loose condensation of shielding charges in the major and minor grooves of DNA.
To ensure that the CG model accurately described the molecular motion, a benchmark case was performed by comparing the all-atom MD with the CG results. Under the application of an electric field (E-field) of 0.1 V/nm, the dynamics of two separate ss-DNAs with one end functionalized (fixed) on the inner circumference of a nanopore was studied by both all-atom MD and the CG model, as shown in Figure 4 . The application of the E-field caused the ss-DNA to stretch in the direction of the field. The DNA motion was characterized by the displacement of the free end of the ss-DNAs. The average tip displacement of ss-DNA obtained from both full atomistic simulation and CG simulation were plotted as a function of time (Figure 4 (C)). The CG results agreed well with the full-atomistic results. This benchmark case illustrated that our CG system can capture the essential translocation kinetics as observed in full-atomistic simulations, thus confirming the validity of the developed CG system. However, it should be noted that such a CG system does not properly describe the distribution of the electrostatic field in the nanopore.
2.2.
Coarse-Grained DNAÀNanopore Interaction Potential. The interaction between each CG site and the nanopore surface was characterized by a Lennard-Jones (LJ) potential with parameters extracted from all-atom molecular dynamics (MD) simulations through a variational minimization and energy matching procedure, 26,36À39 which are listed in Table 1 . The setup of the all-atom MD simulation was the same as that described by Ramachandran et al. 9 All-atom MD simulations were performed in NAMD 40 (NAnoscale Molecular Dynamics), while CG simulations were done in GROMACS. 41 The CHARMM 42 force field was used for the DNA in the all-atom model. For the silicon nitride (Si 3 N 4 ) pore, the force field describing Si 3 N 4 was transcribed in terms of the potential functions used in the CHARMM force field. 28 The water molecules were described by TIP3P potential in the all-atom model. The total potential energy was composed of bonded energies and nonbonded pair interaction energies. 43 The LJ potential parameters chosen for the CG model accurately reproduced the trajectory and energy data from allatom MD simulations. The CG DNAÀsurface potential was combined with the CG DNA model explained in section 2.1 to model the full dynamic process of a ss-DNA translocation in a nanopore. For a functionalized nanopore, the CG DNA model readily handled interactions between surface-tethered probe (ss-DNA or HPL DNA) and translocating DNA through the base pair interactions described in section 2.1.
Coarse-Grained Simulations of DNA Translocation in
Surface-Modified Nanopore. The established CG DNA model and the DNAÀnanopore interaction potential enabled the CG simulation of DNA translocation in a surface modified nanopore. To further reduce the computational time, the solvent effect was included implicitly as stochastic frictional forces through Langevin dynamics. It should be noted that the introduction of the implicit solvent eliminated the electrokinetic effects that would have stemmed from the electroosmotic flow, 44 while it did not significantly affect the surface interaction based DNA The Journal of Physical Chemistry B ARTICLE translocation kinetics. In Langevin dynamics, the friction constant ξ is related to solvent viscosity η by ξ = 4πηr eff /m, where r eff is the solute's effective hydrodynamic radius and m is the mass of CG particles. In addition to a substantially reduced number of the degrees of freedom, the CG model allowed the use of a significantly larger time step (∼10 fs) compared to that possible with molecular dynamics (∼1 fs) in the simulations since the high-frequency modes of individual atoms could be suppressed. Thus, this model substantially improved computational affordability while preserving details of the molecular kinetic features. Considering the real experimental conditions where a large number of molecules are functionalized on the nanopore surface and the translocation time is a few microseconds for short DNA molecules, such a CG DNA model was necessary for exploring the full translocation process of a DNA in a nanopore with various surface coatings.
In the simulations, the temperature was set at 300 K and a time step of 0.01 ps was used. Nonbonded interactions were cut off at 1.2 nm, and the LennardÀJones potential was smoothly shifted to zero in the region starting from 1 nm from the pore wall surface up to the cutoff distance. The pair list was updated every step using a 1.4 nm cutoff distance. Periodic boundary conditions were applied at the entrance and outlet of the pore. Visualization and analysis were done with Visual Molecular Dynamics (VMD) 45 and MATLAB scripts. All simulations were performed on the supercomputer cluster Ranger at Texas Advanced Computing Center (TACC), which is part of the Teragrid resources. 46 A 200 ns simulation on two processors took around 24 h. The number of atoms in the system varied with the size of the configuration considered. A typical CG system had 4714 atoms with 2610 atoms for the Si 3 N 4 pore, 1960 atoms for DNA functionalized on the surface, and 40 atoms accounting for the translocating DNA. To simulate translocation events within the MD time limit, the CGMD simulations were performed in applied bias voltages ranging between 50 and 500 mV.
RESULTS
The biofunctionalization approach introduces molecular selectivity to the nanopores. The selectivity of a functionalized nanopore largely depends on the chemical groups available on the intermediate coatings (e.g., silanes) and the properties of surface-tethered molecules such as stiffness, contour, arrangement, and charge, all under an applied bias voltage. These factors impact the effective pore diameter and translocation kinetics which ultimately results in different behaviors for different target molecules. The translocation process thus needs careful characterization of the parameters involved. In recent years, a number of research efforts have shown the use of a variety of molecular coatings on nanopores, which interact with the translocating DNA (t-DNA) in different ways. This work focuses on two types of probe molecules used to functionalize nanopores: ss-DNA and HPL DNA ( Figure 2C ). Under an applied E-field, the surfacebound molecules reorient along the E-field due to their inherent negative charges. The magnitude of bending depends on a molecule's rigidity, shape, structure, and intrastrand bonds. A measurement of the behavior of the molecular structures and morphology is the effective pore diameter (EPD), which is the diameter of the empty space in the center not occupied by loose ends of the surface-bound molecules, as illustrated in Figure 5 . The characterization of the EPD of a biofunctionalized nanopore system depends on three groups of parameters: type of surface functionalization, density of molecular self-assembled monolayer (SAM), and applied bias voltage. The results of the effects of these parameters are summarized and presented in the Appendix.
Influence of Interaction Potential on Translocation
Dynamics. The velocity of the translocating DNA largely depends on its interaction with the surface-bound probe molecules. In particular, probe DNA molecules of different sequences have different binding energies. For example, a C 3 G pair has a higher binding energy than an A 3 T pair. 28 Such differences in binding energies can be used to extrapolate sequence information of the translocating DNA. In this section, the focus is to characterize the influence of interaction between probe DNA and t-DNA on the translocation of t-DNA. Two typical cases were considered: t-DNA with all complementary bases (such as CCCCCGGGGGTTTTTGGGGG) and t-DNA with completely mismatched bases (such as AAAAAAAAAAAA-AAAAAAAA) with respect to the probe DNA (such as GGGGGCCCCCAAAAACCCCC). Since the complementary t-DNA usually has attractive interaction with probe DNA while the mismatched DNA has neutral (or weak) interaction with probe DNA, we generally call these two cases the attractive potential case and the neutral potential case, respectively.
Due to the confinement of nanopore on both probe DNA and t-DNA, the model system was built in four steps. The initial step was to place a single DNA strand with one end covalently attached to the nanopore surface in the given E-field for 100 ns. Following this, additional strands (replicates of the covalently attached single strand) were introduced into the system to maintain the desired EPD. Once the surface functionalization was complete, the system was equilibrated for 100 ns and then the t-DNA was introduced into the system. Lastly, the whole system was equilibrated for 100 ns before simulation runs. Three different probe molecule configurations were considered: HPL DNA, ss-DNA with strands placed longitudinally 1 nm apart, and ss-DNA with strands placed longitudinally 2 nm apart. The circumferential densities of the strands were constant for all three coating systems.
The modeled systems covered EPD ranging from 1 to 8 nm ( Figure 6 ), sufficient to understand the weak and strong interactions between the probes and the t-DNA. Nanopores were functionalized with DNA strands of 20 bases with sequence GGGGGCCCCCAAAAACCCCC, t-DNA was 20 bases long with the sequence CCCCCGGGGGTTTTTGGGGG for attractive potential cases, and t-DNA for the neutral potential cases Table 2 . To understand the influence of each parameter on t-DNA velocity, two sets of simulations were performed. The first set increased EPD, thus reducing interactions between the probe DNA and t-DNA of matched (attractive) and mismatched (neutral) cases. The second set varied the E-field from 0.01 to 0.5 V/nm at a constant EPD of 2.8 nm, thus gradually making the E-field a dominant force. The simulation results (Figures 7 and Figure 8 ) include both the mean and standard deviation based on five independent runs.
The results from the first set of runs of varying EPDs at a constant E-field of 0.1 V/nm indicated that the DNA translocation velocity under a neutral potential was significantly higher than that with an attractive potential at EPD less than 3 nm, as shown in Figure 7 . For example, a t-DNA traveled twice as fast in a nanopore of 1 nm EPD, functionalized with HPL with neutral potential compared to that with an attractive potential. This is mainly due to the large interaction between the t-DNA and the surface-bound probes at 1 nm EPD. As the EPD increased, the interaction between the t-DNA and the probes weakened; thus the influence of interaction potential reduced. It is interesting to note here that the t-DNA translocation velocity with EPD above 3 nm was slightly lower in a nanopore with neutral potential in comparison to that with attractive potential. Such a transition in t-DNA translocation velocity from attraction unfavorable to attraction favorable happened at EPD around 3À4 nm. These results suggest that weak attractive potential enhanced t-DNA translocation, while strong attractive potential hindered the t-DNA translocation; further studies are thus under way to confirm this observation. The interstrand potential was one of the major factors in determining the kinetics of t-DNA translocation.
To explore further the influence of interaction potential on translocation dynamics, a nanopore with a fixed EPD of 2.8 nm was used to calculate the velocity of t-DNA at different voltage biases applied across the nanopore. As shown in Figure 8 , the translocation velocities in a nanopore with neutral potential are higher than those with attractive potential. This can be explained by the fact that stronger interaction forces hold t-DNA locally and slow down the passage. As the bias voltage increased, the difference in velocities reduced since the E-field was dominant over interstrand interaction potential. The significant differences in t-DNA velocity under different potentials at lower E-fields suggest that the DNA translocation process can be modulated by the strength of its interaction with the surface-bound probe molecules.
Influence of Coating Type on Translocation Dynamics: Mechanism of Selectivity.
Selectivity is the key feature of a functionalized nanopore, yet little is known about the exact mechanism of selectivity due to the small size of the nanopore and the complex dynamic process. In previous sections, the various parameters have been analyzed that influence DNA translocation, including type of probe DNA, density of probe DNA, interaction potential, EPD size, and E-field. In this section, the full process of DNA translocation is mimicked in an HPL functionalized nanopore.
Recent experimental work 18 has demonstrated that a nanopore functionalized with HPL can achieve single base selectivity (Figure 1 ). The perfectly complementary (PC) and mismatched (MM) t-DNAs were transported through HPLÀnanopore under an electrophoresis bias. The PC ss-DNA hybridized with matching hairpin-loop DNA sequentially, which facilitated the translocation process. 18 Under optimal conditions in solution, the HPL DNA showed an all-or-none selectivity down to single-base mismatch sensitivity between PC and MM ss-DNA targets.
The DNAÀHPL hybridization kinetics is a complex process which involves random fluctuations of HPL DNA, opening of HPL in a confined environment, hybridization of opened-HPL with t-DNA, and movement of t-DNA after sequential hybridization between adjacent probe molecules. As an initial attempt, a comparison was done between MM t-DNA translocation through a nanopore functionalized with HPL DNA and PC t-DNA translocation thorough a pore functionalized with ss-DNA from opening of HPL DNA. Figure 9 shows the translocation of Figure 9AÀF shows the process of a MM t-DNA translocating through a HPL probe nanopore. Figure 9GÀL illustrates the process of a PC t-DNA hybridization and consequent opening of functionalized HPL when a PC molecule passes through a nanopore. Figure 9MÀR demonstrates the process of a PC t-DNA translocating through a ss-DNA functionalized nanopore (this could also represent a case ignoring the HPL opening process). The surface-bound probe and translocating DNA both consist of 20 bases. DNA sequence GGGGGCCCCCAAAAACCCCC was used as a probe, while the translocating DNA was CCCCCGGGGGTTTTTGGGGG and AAAAAAAAAAAAAAAAAAAA for the PC and MM cases, respectively ( Table 2 ). There were significant differences in translocation velocities of the MM and PC DNAs (Figure 10 ). This is because the functionalized HPLs opened up into flexible ss-DNA when they interacted with PC DNA, resulting in increased EPD under applied E-field, thus facilitating the translocation process compared that with the MM DNA. Consequently, a PC DNA had reduced translocation time, consistent with the experimental observations 18 where PC DNA was observed to translocate eight times faster than MM DNA at an applied voltage of 100 mV. The different translocation velocities at various applied E-field strengths are listed in Table 3 .
As shown in Figure 10 , a t-DNA passes through ss-DNA functionalized nanopore around nine times faster than that through HPL functionalized nanopore under an applied E-field of 10 mV/nm. Such a difference in translocation time decreased with E-field strength. This is because high E-field leads to forced translocation of DNA regardless of probe type. The results of Figure 10 partially explains the selective transport mechanism of functionalized nanopores: a PC t-DNA can hybridize with the probe-HPL, opening the rigid HPL into flexible ss-DNA, thus facilitating faster translocation. In contrast, a MM DNA has to force its way through the HPL coating which is comparatively more rigid and, thus, has a longer translocation time. Figure 10 actually shows the ideal difference in translocation velocities of a MM DNA and a PC DNA, by assuming a zero hybridization time (the HPL opening process is ignored and treated directly as a ss-DNA). The concept of using biofunctionalized nanopores for DNA sequencing is a new field with very limited experimental work reported. For example, Kohli et al. 19 and Iqbal et al. 18 have studied DNA translocation in cone-shaped nanopores. The nonlinear increase of DNA translocation speed as a function of applied bias voltage agrees qualitatively with the experimental trends observed by Iqbal et al. 18 However, a direct quantitative comparison cannot be made between the simulation and the far more complex experimental setups. As an example, when a small bias voltage of 100À200 mV was usually applied on a nanopore over 100 nm in length with unknown surface probe density and distribution, a mean translocation time of 10 ms was measured for a perfectly matched DNA with large variations from 1 to 500 ms (standard deviation ∼ 30 ms). These variations might be due to a range of configurations at which t-DNA could enter the pore. To capture these subtle yet significant variations, the simulations would have to be run with applied bias voltages either equal to or lower than the experimental bias voltages. This remains a challenge, and other MD simulation studies of DNA translocation 10, 28 as well as this one used E-fields of larger strengths compared to the experimental values to accelerate the simulation process. In addition, it was assumed that the DNA entered the pore in a head-to-tail fashion, which is the most likely configuration. In spite of these shortcomings our CGMD system does capture the nonlinear trend as observed in similar experimental studies. 18 These results support the hypothesis that the opening up of the HPL structures plays a significant role in facilitating the transport of the PC DNA.
CONCLUSIONS
In conclusion, the translocation dynamics of DNA in a functionalized nanopore is studied for the first time through a coarse-grained molecular dynamics model. The translocation process is found to be influenced by the surface probe density and type, interaction potential, and applied bias voltages. To our knowledge, there are no other simulation methods that can produce the results presented in this paper.
Effective pore diameters for three types of functionalizations including ss-DNA and HPL (closed loop and open loop) are determined for a range of applied voltages. It is found that DNA translocates faster in a ss-DNA functionalized nanopore compared to a HPL functionalized nanopores, under the same applied bias voltage. This is mainly due to the difference in stiffness of the coating molecules which influences the EPD. In this case, a higher EPD is observed for a ss-DNA functionalized nanopore compared to an HPL functionalized nanopore. Moreover, with increase in voltage, less difference in translocation velocity is found, mainly due to the reduced influence of interaction between the t-DNA and the probe DNA. It was also interesting to find that the type of interaction between the t-DNA and the probe DNA significantly influenced the t-DNA translocation. While the focus of this paper was ss-DNA translocation through ss-DNA or HPL functionalized nanopore, the CG method developed is applicable to general molecular detection through functionalized nanopores. Such knowledge can be used to optimize the design of functionalized nanopores for desired molecular detection, and might eventually help shorten biosensor design cycles.
In the future, a more comprehensive model will be developed to study DNA translocation in other types of functionalized pores with different shapes and interaction energies of the molecules. Comprehensive understanding of such a bionano system could help achieve the ultimate goal of high-throughput genome sequencing.
Supporting Information. All the movies in the list can be downloaded from the following Web site: http://www.lehigh. edu/∼yal310/mdMovies.html.
1. DNA translocation through HPL coated nanopore under an E-field of 100 mV with attractive potential (HPL_100 mV_attractive.mpg) 2. DNA translocation through HPL coated nanopore under an E-field of 100 mV with neutral potential (HPL_100 mV_ neutral.mpg) 3. DNA translocation through ss-DNA coated nanopore under an E-field of 100 mV with attractive potential (ssDNA_100 mV_ attractive.mpg) 4. DNA translocation through ss-DNA coated nanopore under an E-field of 100 mV with neutral potential (ssDNA_100 mV_ neutral.mpg) The type of functionalized probe molecules (ss-DNA or HPL) influences the effective pore diameter (EPD), which in turn influences their interaction with the t-DNA. The comparison of ss-DNA translocation through HPL functionalized nanopore with the translocation of ss-DNA through ss-DNA functionalized nanopore with a pore diameter of 10 nm gives an understanding of the effects of probe molecule type on translocation dynamics.
Both HPL and ss-DNA are widely used in molecular detection. For example, DNA microarrays use probe ss-DNA functionalized on a chip surface and its hybridization with target ss-DNA immersed in solution achieves sequence detection. HPL has also been used in DNA sequencing devices. 18 When a ss-DNA, with a sequence that perfectly matches with an HPL probe, translocates through the nanopore, the HPL opens up into a complementary ss-DNA, and forms a duplex. A set of simulations were performed A.1. Influence of Coating Type on Effective Pore Diameter. EPDs of nanopores functionalized with HPL and ss-DNA under different E-fields are shown in Figure 11 . The probe molecules were assumed to be uniformly covalently attached to the nanopore surface on the pore surface. Under an applied bias voltage, the functionalized DNA reorient themselves along the E-field direction since they are negatively charged. It is clearly shown that HPL coating led to a much smaller EPD (around twothirds) compared to that for a ss-DNA under the same applied E-field. This is because a HPL is a semistable DNA state with intrastrand hydrogen bonds that lead to a relatively rigid loop structure. In comparison with HPL, ss-DNA is highly flexible. Figure 11 indicates that a t-DNA translocating through an HPL functionalized nanopore will have more interactions in comparison with the ss-DNA functionalized nanopore. Consequently, t-DNA is expected to pass through ss-DNA functionalized pores faster than HPL functionalized pores, which is confirmed in results presented in later sections.
A.2. Influence of Surface-Bound Probe Density on Effective Pore Diameter. The probe density can be considered from two points of view: density in circumferential direction and density in longitudinal direction, as illustrated in Figure 12 . A denser probe functionalization usually has better interaction with t-DNA. To understand the effect of probe density on translocation dynamics, the EPD and translocation properties for DNA translocation in nanopores of different probe densities can be analyzed. First, a circumferential density with four strands is compared to that of eight DNA strands, as shown in parts A and B of Figure 12 , respectively. The corresponding densities of these two systems are 0.2 and 0.4 strand/nm for the four-strand and eight-strand pores, respectively.
The results shown in Figure 13 indicate a slightly smaller EPD for a nanopore with higher circumferential probe density. The EPD for nanopores functionalized with eight strands is around 15% smaller than that for pores functionalized with four strands. All three graphs show a parabolic increase of EPD with increase in applied E-field. The effect of circumferential density is more evident at lower bias voltages, especially in the less longitudinally dense system. A large difference in the EPDs is observed between nanopores functionalized with HPL and ss-DNA.
Similarly, the longitudinal probe density also influences EPD. The comparison of two ss-DNA functionalization cases, one with the probe molecules 1 nm apart and the other with probes 2 nm apart, respectively, are shown in parts C and D of Figure 12 . The importance of longitudinal density is that the interstrand The Journal of Physical Chemistry B ARTICLE interactions between neighboring probe layers increased with increased longitudinal density. The longitudinal densities of the two systems considered are 0.12 and 0.06 strand/nm for ss-DNA placed 1 nm apart and 2 nm apart longitudinally in the pores, respectively. The results shown in Figure 14 indicate that, at low E-fields, there is a significant difference in EPD of the two systems with different longitudinal densities. The EPD for a nanopore functionalized with ss-DNA 2 nm apart is 20% higher than that for 1 nm part at the lowest E-field considered. Such difference in EPD vanishes as the applied bias voltage increases. Table 4 gives the CG DNA parameter list for the energies in eq 1. ' REFERENCES
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